• Observations that certain electrocardiographic patterns accompany histologic evidence of myocardial infarction led to the development of useful criteria for diagnosing myocardial ischemia. 1 ' -Such electrocardiographic changes have also been reproduced experimentally by measures which reduce myocardial oxygen availability. 3 " 7 Wegria and his associates 8 noted that in an otherwise normal coronary vascular system, there must be extreme reduction in flow (to less than 30% of normal) before significant changes will be recorded in the electrocardiogram (ECG). Sayen et al. 9 w measured myocardial oxygen tension during ischemia and noted that a marked reduction in myocardial pOa was invariably associated with ST segment shifts.
Despite the relationship between experimental myocardial hypoxia and electrocardiographic changes, clinical signs of ischemic heart disease may be encountered in the absence of specific electrocardiographic alterations. Further investigation of the relationships between the metabolic and electrocardiographic changes associated with myocardial ischemia may permit more accurate definition of the diagnostic value of the electrocardiogram in this state. Accepted for publication August 5, 1965. Ischemia has been shown to stimulate myocardial glycolysis and decrease pyruvate utilization. 11 -™ In a hypoxic environment reduction of pyruvate to lactate, and diffusion of lactate into the venous circulation, permit continuation of glycolysis. Venous lactate concentrations and lactate pyruvate ratios have long been used as an index of tissue ischemia. Although the myocardium normally extracts lactate, this positive balance is reversed in the severely hypoxic state. 14 Shea et al. 15 reduced flow progressively to the perfused left main coronary artery of the dog and demonstrated net lactate production or decreased lactate extraction occurring coincident with elevation of left atrial pressure. Krasnow et al., 18 have described both the appearance of "excess lactate" 14 and a reversal of the normal pattern of lactate extraction in patients with coronary insufficiency.
This study attempts to define the relationship of myocardial ischemia to hemodynamic and electrocardiographic events. By a technique similar to that reported by Shea et al., 15 graded and controlled myocardial ischemia was produced. The temporal relation between anaerobic myocardial metabolism, ischemic ST alterations, and hemodynamic events was evaluated. The experiments demonstrated that severe myocardial ischemia was accompanied by myocardial lactate production. Calculated excess lactate was always present when ST changes were detected in the ECG, and preceded ST changes in several experiments, ischemia severe enough to cause ST changes was always accompanied by a diminished pressure time per minute (PTM) and a rise in atrial pressure in six out of seven experiments. Such ST alterations reflected a disturbance in the normal balance between anaerobic and
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aerobic pathways. The study demonstrated that the surface ECG may lag behind the more sensitive indices of myocardial lactate balance, atrial pressure, and myocardial contractility in the detection of myocardial ischemia.
Methods
Seven mongrel dogs, weighing 15 to 21 kg, were premedicated intravenously with morphine, 2 mg/kg, and anesthetized with an equal mixture of allobarbital (Dial)-urethane and pentobarbital 0.25 cc/kg. Respiration was maintained by a Harvard respirator pump. A left thoracotomy was performed and a Gregg-type cannula was inserted into the left main coronary artery (CA) ( fig. 1 ). The artery was perfused from a reservoir filled by blood from the femoral arteries. A constant flow pump permitted fine regulation of the perfusion flow rate. Control flow rates for these animals were determined by shunting blood directly from the femoral cannulas to the coronary artery via a Shipley-Wilson rotameter. The pressures in the right carotid artery were measured by Statham P23D transducers and recorded on a Sanborn 350 multichannel recorder. Pressure time per minute was calculated as the product of mean systolic pressure and systolic ejection time in seconds per minute, measured from the direct arterial tracings. Blood was sampled from the coronary cannula and through a catheter which had been fluoroscopically inserted into the coronary sinus (CS). All dogs were heparinized.
The six standard electrocardiographic leads were recorded from needle electrodes placed in the extremities. The direct epicardial lead was recorded from the surface of the left ventricle.
After cannulation, a steady hemodynamic state was established during an initial control period of 35 to 45 minutes. At this point, measurements were made and coronary flow reduced in decrements of 10 ml per minute, or less. At each step, an equilibration period of not less than five minutes of steady state performance was arbitrarily chosen before observations were recorded. Polarographic studies have shown that myocardial pOo falls rapidly during the first 30 to 60 seconds of reduced flow, but remains relatively stable thereafter. The protocol permitted almost continuous monitoring of hemodynamic, biochemical, and electrical parameters. Reduction in flow was continued until ischemic electrocardiographic changes were recorded. In all experiments, the ischemic state was confirmed by the presence of "excess lactate" in venous samples.
Aliquots of CA and CS blood were analyzed for oxygen content as well as lactate and pyruvate concentrations. Control blood glucose values were within normal limits in all animals. Oxygen content was determined manometrically as described by Van Slyke and Neill. 17 Lactate and pyruvate were measured in duplicate by a modification of the enzymatic method ol Horn and Burns. 18 Samples for determination of oxygen content and lactate and pyruvate concentration were drawn simultaneously from the coronary cannula and the catheter in the CS.
ST changes were considered significant if one or more leads showed a depression of 1 mm, or an elevation of 2 mm from the control. Although T-wave changes were frequently noted before significant ST alterations, they have not proven to be a reliable sign of myocardial damage in dogs. We have noted, and other laboratories 10 have reported, wide variations in T-wave amplitude and direction in normal animals. "Coved" T waves, perhaps a more reliable indication of damage, were not seen before ST alterations. Oxygen extraction was determined by subtraction and expressed as the coefficient of oxygen extrac- tion (arterial -coronary sinus oxygen content X 100/arterial oxygen content). Oxygen consumption was calculated as the product of the arterial -coronary sinus oxygen difference and coronary flow. Myocardial "excess lactate" in millimoles per liter of whole blood was calculated as described by Huckabee. 14 
Results
Hemodynamic data are presented in table 1 and graphically illustrated in figure 2. The relationship of coronary flow to lactate and pyruvate metabolism and to oxygen utilization is presented in tables 2 and 3 and figure 3.
Coronary flow was reduced an average of 52.4$ from a control of 88.9 to 42.1 ml per minute before the appearance of ST changes. Atrial hypertension was apparent at a mean flow rate of 41.4 ml per minute. It occurred before ST alterations in three animals and Circulation Research, Vol. XVIII, February 1966 simultaneously with ST alterations in two. In two dogs, ST changes were noted before the appearance of atrial hypertension. In one of these, the atrial pressure had already risen from the control value, but had not yet reached an abnormal level. In all animals, the appearance of "excess lactate" and reversal of myocardial lactate extraction were detected before or simultaneously with atrial hypertension or ST alteration. In five experiments, "excess lactate" was measurable upon the development of atrial hypertension, and in two animals, "excess lactate" was noted before the appearance of, and continued during atrial hypertension. Mean thresholds could be described for significant changes in measured parameters at flow levels varying from 51.7 to 53.4% of controls.
PTM fell significantly in all experiments; Metabolic changes associated with reduction in coronary flow to ischemic levels. The graphs depict the levels of excess lactate and changes in oxygen extraction coefficient and oxygen consumption during steady state control determinations and at the time of atrial hypertension and ST changes. this decrease in performance paralleled the appearance of "excess lactate." It was noted before ST alterations in three out of seven experiments and provided objective evidence of ischemia before this state was detectable by ECG. Although not quantified, dilatation of the heart accompanied left atrial hypertension and undoubtedly increased the tension required per unit of cardiac work. The loss of mechanical efficiency was thus accentuated by a probable increase in oxygen demand on a vascular system already fixed at an ischemic flow level. With reduction in coronary flow, A-V oxygen difference widened and the calculated extraction coefficient rose significantly in all dogs from a mean control value of 55.9 to 88.4% when atrial hypertension occurred, and to 88.2% at the appearance of ST alterations. Mean oxygen consumption fell from 9.67 to 7.65 ml per minute at the onset of atrial hypertension (P<0.10) and to 7.43 ml per minute at the time of ST alterations (P < 0.05). In two animals, the expected concomitant decrease in oxygen consumption did not occur. In these two experiments flow may have been reduced to a state of borderline oxygenation that was insufficient to maintain a dilated, mechanically inefficient heart; A marked increase in the coefficient of oxygen extraction and a decrease in CS oxygen content were noted before either oxygen consumption declined or "excess lactate" appeared.
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ELECTROCARDIOGRAPHIC CHANGES
Representative electrocardiograms are illustrated in figures 4 and 5. The control QRS axis was similar in all animals and ranged from +70 to +100° in the frontal plane. The control T-wave axis varied more widely (range + 120 to -75°). During significant ischemia, there were ST alterations in at least three leads in each animal and in six leads in five animals. Leads n and aVF always became abnormal. Lead in was most frequently the first to show changes. In six animals, ST depressions developed in leads n, m and aVF. The epicardial lead showed ST elevations (as the initial change) in three experiments, depressions in two, and no deviation in two. Lead i was notably altered in two dogs, in both of which ST elevations were seen. They were also noted in aVL. Either elevation or depression of the ST segment was seen in aVR.
In four of the seven animals, the amplitude of the QRS complex increased significantly owing to an increase of both R and S components. Drastic reductions in coronary perfusion are reflected not only by the alterations in electrocardiographic patterns illustrated by these reports, but also by changes in myocardial hemodynamic performance and by shifts in metabolic pathways of energy production (toward greater dependence on anaerobic mechanisms). Our observations agree with those noted above (ST segment shifts with flow reduction to 52.4% of controls, reversal of pattern of lactate extraction with reduction to 42.9 ml per minute) and extend these isolated reports. Changes in electrocardiographic, hemodynamic and metabolic parameters were monitored simultaneously to determine the temporal relation between these factors.
Discussion
METABOLIC RESPONSES
Myocardial oxygen extraction increased before oxygen consumption declined, and prior to changes in lactate balance, the electrocar-diogram, pressure time per minute or atrial pressure. Therefore, the coronary sinus oxygen content was not a sensitive indicator of myocardial ischemia. When coronary flow was reduced, several experiments demonstrated lactate production or excess lactate despite "normal" myocardial oxygen consumption. Thus the balance between lactate and pyruvate was a better indication of myocardial ischemia than was myocardial oxygen extraction or consumption. Control arterial lactate concentrations (mean 2.7 mM/liter) and the ratio of arterial lactate to pyruvate (mean 11.6) were slightly elevated in all experiments. Similar high arterial levels were noted by Krasnow et al. 18 and by Shea et al. 15 and remain unexplained. Since mean arterial oxygen content was 19.4 vol per cent and coronary venous oxygen content averaged 9.0 vol per cent there was no evidence of hypoxia during control measurements. Anesthesia was maintained at the minimal level necessary to prevent unconscious movement. The presence of a high arterial lactate concentration would tend to cause an increase in lactate extraction and would decrease excess lactate calculations, thus accentuating the significance of the latter calculation. Huckabee 14 reported that the calculation of "excess lactate" reflected more truly the degree of anaerobic metabolism than did measurement of lactate extraction or concentration alone. In experiments no. 3 and 5, although excess lactate could be calculated from the A-V data, lactate extraction persisted during ischemia severe enough to produce significant ST changes. Olson 20 recently discussed the "excess lactate" concept and raised certain objections to it. The mitochondrial NAD: NADH redox potential is coupled through the electron transport chain to oxygen and therefore is highly sensitive to changes in oxygen availability. The cytoplasmic NAD : NADH redox system, reflected in relative lactate pyruvate concentrations, is probably only indirectly coupled with the intramitochondrial system. Measurements of lactate and pyruvate in blood perfusing an organ reflect changes which are several stages removed from the electron transport stage. Despite these limitations, under conditions of imposed hypoxia, it is likely that changes in cytoplasmic redox parallel the changes in mitochondrial redox and are expressed in the extracellular milieu by lactate-pyruvate balance. Such indirect measurements are the only practical chemical means now available for estimating this state in vivo.
Although ATP and ADP values were not measured in this study, the ATP/ADP ratio Circulation Research, Vol. XVIII, February 1966 declines rapidly in the hypoxic myocardium. 22 The balance between ATP and its breakdown products is important in regulating the rate of glycolysis. 23 Therefore it is probable, under the conditions of the present investigation, that a decline in ATP/ADP caused an acceleration of glycolysis and the consequent production of increased amounts of lactic acid.
ELECTROCARDIOGRAPHS RESPONSES
ST depressions in leads n, m, and aVF as well as elevation of the ST segment in the epicardial position over the ischemic area were the most frequent electrocardiographic changes noted in this study. Some investigators have reported epicardial ST elevations after ligation of branches of the anterior descending coronary artery. 7 " 9 Others have noted ST depressions in areas surrounding a severe ischemic zone. 0 Ekmekci et al. 24 attributed epicardial ST elevations to severe ischemia and ST depressions to mild ischemia. Our studies suggest that the appearance of ST changes implies a severe degree of ischemia and that moderate, although significant, ischemia may not be detected electrocardiographically. Experiments of Sayen et al. 9 ' 10 which correlated ST alterations with intramyocardial pO ; > measurements, support these findings. They found that ligation of a medium sized branch of the left coronary artery produced rapid reductions of oxygen tension and disturbances in muscle contraction as early as the eighth heart beat. Epicardial electrocardiograms recorded at the time of ligation became abnormal significantly later, often not until oxygen tension had fallen profoundly. In some experiments, epicardial electrocardiographic changes could not be recorded despite profound falls in myocardial pd-.
The apparent ST segment shifts in ischemia have been ascribed to changes in the isoelectric potential of the electrocardiogram and related to a reduction of transmembrane resting potential. 21 "' 120 Maintenance of normal ion fluxes, upon which the transmembrane potential depends, requires an adequate supply of high energy phosphate compounds. 27 In ischemia, the rapid depletion of ATP and creatine phosphate 22 would be reflected in diminished transmembrane potentials and in electrocardiographic base line shifts.
The duration as well as the magnitude of flow reduction probably influenced the response to ischemia. In this acute study a standard procedure permitted decrements in flow separated by short periods of equilibration. It is unlikely that the sequential relation of the parameters monitored would have been altered had more prolonged periods of ischemia been utilized. The observable changes might have demonstrated limited duration, however, as more collateral channels were involved.
A sequence of events may be postulated to explain the base line shifts in the ECC, alterations in transmembrane potentials and myocardial electrolyte changes accompanying ischemia. 21 "' 120 ' 2S i 29 When coronary flow is insufficient to meet myocardial oxygen demands, there is a profound alteration in the metabolism, structure," 0 function, and chemical composition of the myocardial cell. Aerobic metabolic systems are compromised and are unable to maintain myocardial ATP stores. A compensatory acceleration of glycolysis ensues; 11 glucose extraction is enhanced and glycogen stores are depleted. 1 -Although glycolysis is increased, it cannot compensate adequately and neither transmembrane potential nor normal contractility are maintained. These metabolic events are expressed hemodynamically by a rise in atrial pressure and a decline in pressure time per minute, and electrocardiographically by alterations of the ST segment.
Summary
Perfusion of the left coronary artery of open chest dogs at fixed control and ischemic flow rates demonstrated that ST alterations in the electrocardiogram were always associated Circulation Rtiurcb, Vol. XVIII, Ftbruiry 1966 with significant hemodynamic and metabolic changes. Decreased pressure time per minute, atrial hypertension, increased myocardial oxygen extraction, and the presence of excess lactate accompanied ischemia. In three dogs, hemodynamic changes, the presence of "excess lactate," or both, preceded significant electrocardiographic changes.
Whenever coronary flow was insufficient to meet myocardial oxygen demands, a series of metabolic shifts occurred. The most significant of these was inadequate aerobic energy production and stimulation of anaerobic glycolysis. This acceleration of anaerobic myocardial metabolism may be present without notably altering the surface electrocardiogram. The absence of ST shifts does not rule out the presence of concomitant and potentially severe myocardial ischemia.
